Herein, we report a successful development of nano-scale pure and Al and Mn co-doped PbI 2 using facile microwaveassisted route. Structural study was done through X-ray diffraction analysis of grain size, dislocation density and lattice strain. The crystallite size was found to vary from 28 nm to 40 nm due to Al:Mn co-doping in PbI 2 . The presence of various vibrational modes was confirmed by FT-IR spectroscopy and red shifting was observed in peak positions compared to the bulk. Surface morphology, examined using a scanning electron microscope, confirmed the formation of single crystal nanosheets of a thickness in the range of 10 nm to 30 nm. The single crystal nanosheets were found to be transformed to large area nanosheets due to the doping. Enhancement in dielectric constant from ∼7.5 to 11 was observed with increasing Al doping concentration. Linear attenuation coefficient was calculated and showed the enhancement of blocking gamma rays with increasing doping concentration. Its value was found to increase from 7.5 to 12.8 with the doping. The results suggest that the synthesized nanostructures can be used for detection and absorption of gamma rays emitted by 137 Cs and 241 Am sources.
Introduction
Lead iodide PbI 2 is an environmentally stable material able to absorb the radiation such as X-and γ-ray. It belongs to the wide band gap semiconductor family possessing the energy gap of 2.27 eV to 2.3 eV [1, 2] , which makes it promising for low noise radiation detectors operating at room temperature [3, 4] . Besides, being used in radiation detectors, it has excellent photoluminescence [5] , electrical and optical characteristics [6, 7] . It is also a promising material to be used in perovskite solar cells for advances energy conversion devices [8, 9] . Various techniques have been applied for the nanosynthesis of PbI 2 [10] [11] [12] [13] . The structure, surface morphology and the application of the PbI 2 strongly depend on the way of its * E-mail: shkirphysics@gmail.com preparation [14] [15] [16] [17] . Nano-materials have a great potential in various advanced applications [18] [19] [20] [21] .
In this research, we have synthesized pure and co-doped Al:Mn:PbI 2 nanostructures through microwave-assisted route at various percentages of Al doping. We have studied various properties of the prepared nanostructures, such as structure, morphology, dielectric and AC electrical conductivity. Moreover, to test some potential applications, we have examined the prepared nanostructures for gamma radiation and calculated the related parameters.
Experimental

Materials and synthesis
For the synthesis of the title nanostructures, lead acetate trihydrate, sodium iodide, poly(vinyl alcohol), cetyltrimethyl ammonium bromide, sodium iodide, aluminum nitrate nonahydrate and manganese nitrate hydrate were bought from Sigma-Aldrich and used without any further purification. Similar method has been used for the synthesis of the title materials as reported in our previous work [22] . The doping concentration of Mn was kept constant (i.e. 10 %) and for Al it was varied from 1 % to 10 % in subsequent synthesis processes.
Characterization techniques
The structural analysis of the prepared pure and Al:Mn co-doped PbI 2 nanostructures was performed through X-ray diffraction (XRD) (LabX-XRD-6000 Shimadzu). FT-Raman spectroscopy from Thermo Fisher Scientific, DXR FT-Raman spectrometer was used to study vibrational modes of PbI 2 nanostructures co-doped with Al and Mn. The surface morphological analysis was performed using a scanning electron microscope (SEM-6360-JSM) operated at 20 kV. Semiconductor characterization system 4200-SCS from Keithley was used to measure impedance, capacitance and dissipation factor of nanostructured PbI 2 co-doped with Al and Mn. From the above data, we were able to calculate the dielectric constant, dielectric loss and AC electrical conductivity of the studied materials. Thermo Scientific, DXR FT-Raman spectrometer was used to record the Raman analysis. The spectra were acquired from 1200 cm −1 to 50 cm −1 . The laser power of 0.2 mW (532 nm) was used. The dielectric and electric characteristics were measured with Keithley 4200-SCS in the frequency range from 3 kHz to 10 MHz. The radiation intensity before and after attenuation was detected through NaI detector 1.5 PX 1.5/2.0 IV (Rexon, Components, Inc., USA). The lead shield was used to protect the surroundings from radiation. To irradiate the sample, gamma ray sources Cs-137 of energy 662 keV and Am-241 of energy 59.5 keV were used at room temperature. Then, the linear absorption coefficient µ, half value thickness X 1/2 , tenth value thickness X 1/10 and mean free path (MFP) were obtained for all the tested samples. (2 1 3) planes. The observed planes are consistent with previous reports on pure and doped PbI 2 nanostructures [10, 11] . We have noticed that the co-doping affected the diffraction patterns of lead iodide. The prominent diffraction peaks occurred from 10°t o 30°. Fig. 1b shows the diffraction planes of (0 0 1) and (0 0 2) for pure and Al:Mn co-doped lead iodide nanostructures for comparative study. It is clear that by varying the Al doping concentration, the intensity of planes (0 0 1) and (0 0 2) is varying. The change in the intensity and variation in the diffraction angle was observed and documented in Table 1 . Also the change in peak position of higher intensity peaks due to doping is presented in Fig. 1c . The grain size of the as-prepared material was estimated by applying the Scherer equation as follows [23, 24] :
The mean value of grain size of the pure PbI 2 was found to be 28.39 nm, while the doping of 10 % Mn has increased the grain size from 28.39 nm to 32.89 nm. We have noticed that codoping of Al and Mn has a random effect on the grain size of pure PbI 2 . The dislocation density for the prepared samples has been studied by the following relation [25] :
The change in the dislocation density has been concisely documented in Table 1 . The lattice strain for each prepared samples was calculated by the equation:
The complete structural analysis for pure and co-doped PbI 2 has been listed in Table 1 , while the change in the intensity of the major planes of Aldoped 10 % Mn:PbI 2 has been described concisely in Table 2 . The variation in the grain size, dislocation density and lattice strain was observed with respect to pure PbI 2 .
FT-Raman spectroscopy analysis
The recorded FT-Raman spectra for the prepared nanostructures of pure and Al:Mn co-doped PbI 2 are shown in Fig. 2 . The Raman spectra show the variation in the intensity for pure and co-doped PbI 2 . The intensity variation attributed to the change in crystallinity and defects present in the nanostructures, could also be observed in the XRD patterns of the samples. [10, 26] . These bands are attributed to 2H-PbI 2 nanoparticles and more details can be found in the literature [10, 16] .
Surface morphology and EDX analysis
The surface morphology of the nanostructured material plays a crucial role in various applications such as photovoltaics [27] . The surface morphology of the pure and co-doped with Al and Mn PbI 2 has been shown in Fig. 3I . The doping concentration for Mn was constant (i.e. 10 %) and for Al it was varied from 1 % to 10 %. The overall structure is a combination of nano-and microparticles having no well defined pattern. From the figure, it can be seen that the pure PbI 2 contains hexagonalshape nanocrystals which were found to be turned into sheets when doped with Mn and Al both. At higher concentration doping of Al, we have observed very fine nanoparticles (Fig. 3I) , which may be related to Al. The nanosheets formation was also reported previously for PbI 2 doped with Gd 3+ , prepared by hydrothermal technique [11, 21] . Quantitative analysis was also carried out through the energy dispersive X-ray spectroscopy (EDS). The EDS graphical representation of the prepared material is shown in Fig. 3II .
Dielectric and AC electrical conductivity analyses
Dielectric characteristics of the nanoscale material play an important role in various advanced applications, such as optics and photovoltaics [28] . Moreover, the dielectric constants of the materials suggest its suitability for optoelectronics application [29] . The dielectric constants for pure and Al:Mn co-doped nanostructured PbI 2 can be characterized by the following equations [30] :
In the above equations, t is thickness and A is the area of the electrode. Fig. 4a and Fig. 4b show the dielectric constant and loss as a function of frequency, respectively. We have observed that the doping and further co-doping of the PbI 2 altered the dielectric constants. Generally, the dielectric constants were found to be stable in the entire tested range. The value of dielectric constant was found to be enhanced with doping [22] . On comparing the dielectric results with previous reports on pure and doped nanosynthesized PbI 2 , the dielectric constant value for pure PbI 2 obtained in this study was found to be about 7.5 and reached 11, when doped with Al, however, these values in our previous report on Ag:Mn:PbI 2 system were found to be nearly 8.5 and 10.5, respectively [22] . The currently calculated values were found to be lower and higher than the nano and bulk value for pure and doped PbI 2 [1, 10] . Possible reasons for low dielectric constant values are such parameters as shape, size, orientation etc. The advantage of low values of dielectric constant is that the fabricated nanosheets consume lower electrical power which is a critical factor in various device fabrications [31] . Fig. 4c shows the AC electrical conductivity σ ac as a function of frequency for pure and co-doped PbI 2 nanostructures. Both the total AC electrical conductivity σ tot .ac and AC electrical conductivity σ ac were calculated from the measured values of impedance Z using the following relations [32] :
where t is the thicknesses and A is the area of the sample. Fig. 4c shows an increase in σ ac of the pure and co-doped PbI 2 with applied frequency. The direct relation of σ ac and frequency confirms that they obey the Jonscher relation (i.e. σ ac = Bω s ) [33] . The frequency exponent, s as a function of doping concentration is shown in Fig. 4d . The change in the frequency exponent might be due to the change in the ionic concentration of co-doped PbI 2 [34] . The value of s is found to be around 1 with a standard error ±0.06 for all the nanostructures.
Linear absorption coefficient analysis
The extra exposure to ionizing radiation is very dangerous to human beings; hence, it is necessary to detect such radiation present in the environment. We have applied the prepared nanoscale materials for the detection of both Cs-137 and Am-241. The linear absorption was estimated by the following equation [35] : In equation 7, I o is the initial intensity of radiation source, x is a thickness of the sample and µ is the linear absorption coefficient of the material. Fig. 5a shows the variation of calculated value of µ with doping concentrations of Al:Mn. It can be observed from the figure that the value of µ is enriched by doping compared to pure material which indicates that the doped nanostructures can work better as a shield material. The calculated values are found to be comparable with pure and Gd 3+ doped PbI 2 as well as other previously reported materials [21, [35] [36] [37] . This value is also found to be higher than that in our previous system Ag:Mn:PbI 2 tested with Am-241 and published recently [22] . Furthermore, we have also calculated the values of half value layer (HVL) (x 1/2 ) and tenth value layer (TVL) (x 1/10 ), from the following equations [23, 38, 39] :
The variation of the above mentioned values with doping concentration is presented in Fig. 5 from which it can be seen that the value of x 1/2 is decreasing up to some extent of doping and becomes stable for both radiation sources; the x 1/10 shows similar behavior. Such results indicate that the prepared nanostructures of Al:Mn co-doped PbI 2 can be used in radiation shielding materials at room temperature.
Conclusions
As a conclusion, PbI2 has been proven as a radiation detector as the co-doping of Al:Mn-enhanced its radiation detection efficiency. The increment in grain size of the prepared nanostructure material was found from 28.39 nm to 39.69 nm. The existence of nanoparticles along with sheets of micro and nanometer size was observed through scanning electron microscope. The Raman spectroscopic observation confirmed the presence of 2H polytypes of PbI 2 and were in accordance with XRD results. The dielectric constant was increased from 7.5 to 11 with increasing the dopant concentration. The conduction behavior was confirmed by AC electrical conductivity analysis. The linear absorption coefficient was found to be enriched from 7.5 to 12.8 with doping. We observed that the co-doped PbI 2 can be a good choice as nuclear radiation detector compared to the pure one. The current research may be helpful to build the efficient radiation detectors.
